Summary
Introduction
Area V5 of the human brain, which is especially active when subjects perceive a visual stimulus in motion, is situated laterally and ventrally in the occipital lobe, near to the intersection of the ascending limb of the inferior temporal sulcus and the lateral occipital sulcus (Zeki et ai, 1991; . In the macaque monkey, V5 and VI are heavily interconnected with one another (Zeki, 1971; Lund et ai, 1975; Shipp and Zeki, 1989) and there is reason to suppose from previous activation studies that the same is also true of the human brain . Despite these reciprocal connections, our previous study of a patient
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blinded by loss of area VI showed that activity in the prestriate cortex, including V5, is sufficient to mediate a limited but nevertheless conscious perception of visual motion (Barbur et al., 1993) . This supports the view that extrastriate areas of the cerebral visual cortex are capable of contributing directly to visual perception, without the absolute necessity of preprocessing by VI (Zeki, 1993) . In pursuing our study of area V5 and of the perception of visual motion, it therefore seemed interesting to study the obverse situation, one in which V5 is damaged but VI and other prestriate visual areas to which VI projects are intact.
A patient who we thought may fit this description has been described in some detail (Zihl et al., 1983 . She has large bilateral lesions in the occipital lobe outside the striate cortex and in territory until now presumed to include area V5 because of her selective impairment for motion vision. The most striking consequence is a very abnormal sensation of motion-she refers to moving scenes or objects as 'restless', 'unstationary' or undergoing episodic shifts in location. We refer to this syndrome as akinetopsia (Zeki, 1991) . The specificity of the syndrome reflects the fact that other regions of her prestriate cortex, as well as the striate cortex, are presumably intact, and functional, because she has no field defect and relatively normal acuity, stereo and colour vision (Zihl et al., 1983 . Furthermore, she has no impairment in visual space perception nor in visual identification of shapes, objects or faces . It is important to note that she has not lost the capacity to detect the presence of motion completely. The limits of her residual motion vision have been explored carefully by Hess et al. (1989) and Baker et al. (1991) . Essentially, she can only see motion within a limited speed range of ~0. l-10°/s. Even within this range her performance on speed discrimination tasks is severely impaired, and her threshold contrast for distinguishing opposite directions of motion is raised by at least twentyfold. At higher speeds, displays of motion appear 'unstable', and she can only guess at relative speed or direction.
We wondered whether this residual discriminative capacity could be accounted for by the activity of other areas, such as VI, V2 and V3. All these areas, like V5, derive input from the magnocellular layers of the lateral geniculate nucleus and all possess direction and speed selective cells (Zeki, 1978; Orban et al., 1986; Felleman and Van Essen, 1987) though fewer than are found in V5. It seems reasonable to suppose that they, too, might contribute to motion vision in proportion to their discriminative capacities. An alternative explanation is that the residual motion capacity is due to an incomplete involvement of area V5 by the lesion. It was thus important to ascertain that the lesion did involve area V5, as defined in our previous studies. The way to do this was to adopt the techniques previously applied to a group of normal subjects, involving co-registration of PET visual motion activation data with images of cerebral anatomy derived from magnetic resonance scanning. Area V5 might then be demonstrated to be absent by both functional and morphological criteria. But the issue is more significant than that: for if her residual visual motion capacity is due to activity in prestriate areas other than V5, it implies that the former areas' capacity to discriminate motion is only poorly developed and cannot in any sense compensate for the loss of area V5, even after many years.
Methods

Case history
The patient L.M. (who gave her informed consent to all the studies we undertook) developed, at age 43 years, a sinus vein thrombosis which induced severe headache, vertigo and nausea, culminating in a state of stupor. Hospital examination (October 1978) revealed a xanthocromic CSF, bilateral papilloedema and continuous delta-theta activity in the EEG. Cerebral arteriography showed occlusion of the parietal segment of the superior sagittal sinus and of cortical veins in the temporo-parietal region; a number of abnormal 'corkscrew' veins were also evident. Subsequently (May 1980) a CT scan revealed large bilateral lesions of occipitoparietal cortex. The precise pathophysiology of sinus vein thrombosis is still uncertain. However, it seems very likely that the thrombosis spread from the sagittal sinus of the patient to block most or all of the cortical veins draining from the vicinity of the parieto-occipito-temporal junction; animal experiments suggest that occlusion of the sagittal sinus by itself does not block venous outflow, which persists through venous collaterals and retrograde flow through bridging veins (Fries et al., 1992; Ungersbock et al., 1993) . Hypoperfusion in the depleted areas may lead either to infarction, or ischaemic necrosis following cytotoxic oedema (Frerichs et al., 1994) .
Psychological examination of L.M. in 1980 revealed a non-specific cognitive impairment, and visual symptoms which centred on a loss of motion perception. This loss has now been extensively documented (Zihl et al., 1983 Hess et al., 1989; McLeod et al., 1989; Paulus and Zihl, 1989; Baker et al., 1991) , and we add more data here. Visual tests/functions which are within the normal range include perimetry (static and dynamic); critical flicker fusion frequency; extinction (i.e. absence thereof); saccadic localization; tactile and acoustic motion perception; Farnsworth-Munsell 100 hue test error score [= 250 (1983), = 206 (1991) ]; distance perception in the frontoparallel plane and in depth; subjective estimation of horizontal and vertical; line bisection; line orientation matching; spatial position matching; matching of object parts to the whole; face recognition; and face constancy (for details, see Zihl et al., 1983 Zihl et al., , 1991 . From the visual symptoms, and CT scan data, Zihl et al. (1983) suggested that the bilateral lesions incorporated the human equivalent of the monkey motion area, V5. Hess et al. (1989) charted the spatio-temporal characteristics of the patient's residual vision to assess, from psychophysical criteria, the level of the defect within the motion-processing channel. Using drifting gratings they found, for instance, that the smallest increment in speed which she could discriminate (-400%) was about twentyfold greater than a normal subject. By comparison, the impairment in her discrimination of spatial frequency was only about fivefold; importantly, her performance in making such a spatial discrimination was the same whether the gratings were drifting or static. Added to the fact that her basic spatial and temporal contrast sensitivity functions were only modestly depressed (to just outside the 95th percentile of the normal population), Hess et al. (1989) concluded that signal processing up to the level of VI was not grossly impaired, and that the prime defect must lie in the analysis of motion by extrastriate cortex. Subsequently Baker et al. (1991) demonstrated that the patient's performance in discriminating direction in a display of stochastic dot motion was very similar to that of monkeys with selective lesions of V5 (Newsome and Pare, 1988) .
Throughout this period the exact location of human V5 had not been demarcated. Our primary aim was thus to find whether human area V5, as defined in this laboratory, had indeed been involved in these lesions. To do so we had to use a stimulus known to activate V5 in normal individuals, and to co-register the resulting PET images with MRIs. If V5 is absent, the remaining areas of intact striate and prestriate cortex must mediate the residual motion vision of the patient. To increase the likelihood of activating these areas we needed to ensure that the stimulus provided to the patient was one that she could discriminate, at least in the sense of detecting its direction of motion.
Visual testing
Visual stimuli were generated on a Commodore Amiga 2000 and displayed in dim (mesopic) conditions which matched those in the environment of the PET camera. As the patient experiences discomfort when viewing movement, and is rapidly fatigued, the testing sessions were punctuated by frequent rest intervals. She viewed the screen at a distance of -50 cm, and was initially free to chose whatever distance maximized her comfort or ability to perform the task. In fact the viewing distance did not prove crucial so it was later standardized at 50 cm. Achromatic patterns of varying size and velocity were presented, the patient's task being to identify the correct direction of motion from one of four or eight alternatives. These were the four cardinal axes, left, right, up and down (0°, 90°, 180° and 270°), supplemented by the intermediate oblique directions (45°, 135°, 225° and 315°) . To avoid verbal confusion we asked her to signify her choice by pointing to one of eight bright discs placed at the corners and sides of the monitor; the patient had no difficulty in pointing to each or any of these on demand. The moving patterns were random textures of several different grain sizes or distributions of light squares on a dark background. The latter have been employed in our previous studies of V5 (Zeki et at., 1991; Watson et ai, 1993) ; they are 8X8 pixels in size and drift at a rate of 50 pixels/s. At a distance of 50 cm this gives a square size of 0.7X0.7°, and a speed of 4.57s along the cardinal axes (Fig. 1) . The display contained 150 squares in a random pattern with some overlapping each other. Their motion was initially 100% coherent; in later sessions we sought to confirm the finding of Baker et al. (1991) that a small fraction of incoherently moving or stationary stimulus elements (distractors) effect a dramatic reduction in the patient's performance. However, unlike Baker et al. (1991) , we tested the effect of distractors on discrimination between eight directions of motion, not just two. Trials with either type of distractor were alternated in pairs, and presented in blocks interleaved with the coherent trials, without forewarning the patient. We used incoherent 'distractors' at densities of 10 or 20%; they were either 
Activation studies Stimulation
The subject underwent 12 consecutive scans of regional cerebral blood flow (rCBF) during a single 3 h session. She viewed a moving stimulus for six scans and a static stimulus for the remainder, the two being alternated in a pseudorandom sequence. Stimuli were delivered on a Commodore Amiga microcomputer with the monitor at a distance of 50.5 cm. The screen subtended 28X22° of the visual field and in the centre of both displays was a cross which she was instructed to fixate. The static stimulus consisted of a stationary, random, array of 150 small light squares on a dark background, each subtending 0.5 square degrees. The motion stimulus was the same display moving coherently in one of four directions (left, right, up and down) that changed randomly every 8 s. The speed was 6.25 squares/s (or 4.57s). Except for the restriction of motion to the cardinal directions, the stimuli were very similar to the ones formerly used to define area V5 (Zeki et ai, 1991; Watson el ai, 1993) .
Data acquisition
We scanned the patient with a continuous infusion technique using l5 O-labelled H 2 O as the tracer. The method assumes only that the water is freely diffusible and completely extracted from the arterial circulation and, together with other tracers, has been validated for routine investigation of the pathophysiology of cerebral ischaemia (Frackowiak, 1985 , with the inter-detector collimating septa retracted to achieve the higher sensitivity necessary for a single subject study (Townsend et al., 1991) . The scanner collects data from 16 rings of crystal detectors covering an axial field of view of 10.65 cm. The emission data were corrected for the attenuating effects of the tissues of the head by using measurements made from a transmission scan collected prior to the activations. The corrected emission data were then reconstructed as 31 planes by filtered back projection with a Hanning filter of cut-off frequency 0.5 cycles/pixel. The resolution of the resulting images was 8.5X8.5X4.3 mm at full-width half-maximum (FWHM) (Spinks et al., 1992) . Each plane was displayed in a 128X128 pixel format, with a pixel size of 2X2 mm.
The scan for each rCBF measurement lasted 195 s, consisting of a 30 s background scan followed by 165 s of data acquisition during visual stimulation. Infusion of H 2 I5 O commenced simultaneously with the background scan and continued at a rate of 10 ml/min for 120 s, followed by a flush of non-radioactive saline. Two seconds before the end of the background scan the subject opened her eyes to view the display monitor. The rise and peak of radioactivity measured over the head took place in the second period of scanning, during which our subject maintained her attention to the visual display. The integrated counts accumulated over the 165 s of this second time-frame, corrected for background activity (first time-frame), were used as an index of rCBF. On average, our subject received 16 mCi of H 2 I5 O in each of the 12 scans.
Image transformation
Calculations and image manipulations were carried out on Sun SPARC computers (Sun Computers Inc., Surrey, UK), using ANALYZE image display software (BRU, Mayo Foundation, Rochester, Minn., USA) (Robb and Hanson, 1990) and PROMATLAB (MathWorks Inc., Natick, Mass., USA). To correct for head movements between scans, all the scans were aligned with respect to the first one, using the Automated Image Registration (AIR) software of Woods et al. (1992) . The 12 realigned images were averaged to derive a mask for deleting low values of radioactivity measured outside the delineation of the brain. The mask also deleted the lateral extension of the left transverse sinus (sigmoid sinus), which contained an abnormally high number of counts. The latter is best understood as an artefact arising from small, scan to scan onset asynchronies relative to the arrival of tracer in the head, that can give an artificially high signal under low flow conditions in a vessel comparably large to a voxel. The activity in the sinus does not reflect local cortical perfusion and perturbs subsequent computations if it is not excised. This editing procedure was employed on all 12 images separately. The PET images were filtered with a low-pass Gaussian filter (FWHM of 10X10X12 mm) to smooth the data in three dimensions (Friston et al., 1990) , a procedure that served to increase the signal-to-noise ratio in the images.
Statistical analysis
Data analysis was performed using the technique of statistical parametric mapping (SPM) (Friston et al., 1990 . In summary, the confounding effects of differences in global flow between scans were corrected by a pixel-based analysis of covariance (ANCOVA) of rCBF against global flow, the latter being treated as the confounding covariate. The ANCOVA is used to calculate, for each pixel, the mean values of rCBF across the six scans of each condition (with the global CBF adjusted to 50 ml/dl/min), together with the associated error variance. The differential effect on blood flow of the two conditions was then evaluated for each pixel by using the t statistic, transformed to the normal distribution. This generated a statistical parametric map (SPM[/]) of the areas of significant relative rCBF change associated with the difference in the stimulus conditions. A secondary Gaussian smoothing filter of 4 mm FWHM was applied in the .v-and y-dimensions to the SPM [/] . The effective in-plane resolution (FWHM) of the SPM became 10.55 mm. Only pixels whose significance value exceeded a chosen threshold were displayed (P < 0.001, without correction for multiple comparisons; Z-score of 3). This is a relatively stringent criterion given that only the occipito-parietal areas were being investigated.
PET-MRI co-registration
The MRI scans were obtained with a I tesla Picker HPQ Vista system using a radio-frequency spoiled acquisition that is relatively spin-lattice relaxation time T,.weighted to give good grey/white matter contrast and anatomical resolution (repeat time 24 ms; echo time 6 ms; non-selective excitation with a flip angle of 35°; field of view in plane 25X25 cm; 192X256 in plane matrix with 128 secondary phase-encoding steps oversampled to 256; resolution 1.3XI.3X 1.5 mm; total imaging time 20 min). After reconstruction, the MRIs were aligned parallel with the anterior-posterior (AC-PC) intercommissural line, and interpolated to yield a cubic voxel size of 0.977X0.977X0.977 mm, which permitted coregistration with PET images. The PET image that was obtained after averaging the 12 realigned PET scans contained the best possible anatomical detail, and was used for a rigid body co-registration with the MRI scan. This was done with adapted AIR software originally developed for PET to PET realignment . The reorientation in terms of translation in x, y and z and rotations about these axes were calculated. These parameters were saved and used subsequently to co-register the SPM of significant rCBF change with our subject's cerebral anatomy as described by the MRI scan. Figure 2 shows a volumetric reconstruction of the T r weighted MRI scan. Comparison with similar reconstructions of eight hemispheres showing the location of V5 at the occipito-temporal junction (Watson et al., 1993, fig. 6 ) suggests that much, if not all, of V5 had been destroyed bilaterally. The lesions in patient L.M. are approximately symmetrical, and centred on Brodmann's areas 37 and 19 in the lateral occipital gyri. They extend ventrally to the normal location of the lateral occipital sulcus, which (if once present) has been obliterated. The posterior limit is within 2 cm of the midline, roughly at the 18/19 border; the right lesion is marginally more extensive, and could include part of area 18. The anterior extension of the lesions incorporates the full width of areas 19 and 37, that on the left reaching the occipital continuation of the superior temporal sulcus, and that on the right almost as far. The greatest disparity is in their extension into occcipito-parietal cortex, the lesion on the right extending through more dorsal parts of area 19 to the intraparietal sulcus, and possibly infringing on area 39; in the left hemisphere area 39 appears more or less intact. Much of the white matter underlying the lateral occipital cortex is also destroyed, though medial cortex within the calcarine and parieto-occipital sulci is intact. The cavity of the right lesion is so deep as to be continuous with the occipital horn of the lateral ventricle. The transverse slices reveal further low signal defects surrounding the cavities, principally in the subcortical white matter of occipito-temporal and parietal cortex, and in the optic radiation. There are also a number of small punctate lesions in the central white matter (centrum semiovale). Additional regions of low signal density are to be found in the posterior lobe of the right cerebellum, both medially and infero-laterally. These lesions of white matter and cerebellum were also evident in T 2 -weighted scans.
Results
Extent of the lesion
Visual testing -
We tested the patient at University College London in two sessions on separate days. In the first we used all eight directions of motion, with trials containing static distractors randomly interleaved between the 100% coherent trials. This session revealed that the patient is reluctant to report motion in any of the oblique directions. She scored zero on the oblique trials. The testing in session II was thus restricted to the four cardinal directions, with some trials containing either static or dynamic distractors.
The patient had a fair performance in discriminating the direction of the 100% coherent display when it moved up, down, left or right. She achieved 78% correct in session I and 84% correct in session II (see Fig. 3 ). Furthermore, all her errors were 180° opposite to the test direction. In other words she proved 100% correct in determining the axis of motion. This standard of performance was initially maintained when 10% of the stimulus elements were static distractors. But with 20% static distractors her performance fell substantially (to 41% correct) with all errors again in the direction opposite to the motion presented. The drop in performance from totally coherent to 20% static distractors is significant (see Table 1 : P < 0.0005, Fisher's exact probability test).
The patient's inability to recognize oblique directions, and the nature of her errors, were not affected by the presence or absence of distractors (Fig. 4) . Errors of 45° outnumbered those of 135° by -2:1, and horizontal to vertical responses by a similar proportion. The two occasions on which she indicated an oblique direction were both errors. As this pattern of performance developed we interrupted the sequence of trials to remind the patient that the motion could be in any one of eight directions and to allow her to rehearse pointing to the oblique response markers. It made no difference to her performance.
Session II confirmed the patient's competence with cardinal directions, and her 100% accuracy for judging axis, even in the presence of static distractors. But upon the introduction of dynamic distractors (moving in all four directions) she began to make errors at 90° to the test direction, so that her judgement of axis of motion fell to chance levels. In all trials during session II the 10 and 20% distractor conditions proved similar, so we pooled them for statistical testing. The tests (Table I) 
Activation studies
There were six major foci activated by motion, four in the left hemisphere and two in the right. The coordinates and Z-scores are given in Table 2 . These foci were located in the medial cuneus, precuneus and fusiform gyrus. They are depicted on horizontal, sagittal and coronal MRI slices in Figs 5 and 6, together with several lesser foci whose Zscores still exceeded 3. The bilateral asymmetry that is evident in these images is not atypical of previous individuals scanned for motion . But the global distribution of motion activity in the patient does, in fact, depart significantly from the normal pattern.
First there was no evident activation of V5 in either hemisphere. The area thus appears to have been entirely eradicated, for in 24 normal hemispheres scanned with the same stimuli there was always a robust occipito-temporal focus of activation representing V5 . There were no such candidate foci in the patient. Of no less interest is the absence of activation of VI and V2. Again, we invariably observed motion-related activation of VI/V2 in our previous study , yet the calcarine cortex of the patient (which appeared intact and undamaged from the MRI) had a maximal Z-score below 2. Finally, there was no activation of subcortical visual centres such as the geniculate nucleus or pulvinar: this is quite normal Zeki et al., 1993) , and presumably reflects the size and perfusion characteristics of these structures.
The activated sites in the cuneus and precuneus conform to previous results. The bilateral foci in the medial cuneus were asymmetric, but located on the fringes of the two lesions, where the surviving cortex is itself asymmetric. We consider activity in this part of the cuneus to represent upper area V3; it falls within area V3 as defined by Clarke and Miklossy (1990) ; it is distinct from but adjacent to the zone of activation incorporating V1/V2 and is regularly activated by studies involving motion Zeki et ai, 1993; de Jong et at, 1994) ; and it represents the lower contralateral quadrant, as evidenced by a PET study using moving stimuli along the horizontal and vertical meridians (S. Shipp, J. D. G. W. Watson, R. S. J. Frackowiak and S. Zeki, unpublished results). The foci in the precuneus are within Brodmann's areas 19 and 7 in the superior parietal lobe. This, too, is a typical region of motion activation, but it is unusually prominent in the patient compared with normal individuals .
The final major focus of activation was located in the fusiform gyms of the left hemisphere with no matching activation on the right. It was problematic because it appeared to extend from the fusiform gyrus into the cerebellum. This may represent a partial volume effect; examination of the coronal and sagittal slices (Fig. 6) shows that there was certainly activation of the fusiform gyrus itself. This focus of motion activity could have been close or even contiguous with part of area V4, defined by colour stimulation, although V4 normally extends more anteriorly than the zone of activation found here Allison etal, 1993) . The exact disposition of specialized areas in single subjects cannot be inferred directly from the outcome of other group studies, and a formal delineation of V4 in this patient's brain would require a formal colour experiment: this we could not undertake because of the guidelines on the administration of radioactive tracers. The location of the activation on the fusiform gyrus is illustrated in Fig. 7 , a surface image of the cerebral hemispheres viewed inferiorly. The medial end of this region is formed by a distinct focus (seen in Fig. 5 , slice -12 and Fig. 6 , slice -12), a location that could correspond to part of lower V3 (Clarke and Miklossy, 1990 There were several minor foci in the parietal lobes, and three in occipito-temporal cortex which merit comment. One of the latter is situated on the right anterior lingual gyrus (Fig. 6 , slices +7 and -59 RH), a location commonly seen in other individuals scanned for motion and probably close to the V2/V3 border . The other two are located one in each hemisphere, in the temporal lobes below the level of the lesions. One of these (Fig. 5 , slices -5, 0 LH) is in the fundus of the left inferior temporal sulcus; the other is in the right middle temporal gyrus (Fig. 5 , slice -9 RH). Activity in locations such as these was occasionally seen in the previous motion study but both sites are rather too anterior and ventral to represent V5, which is normally located on the posterior continuation of the inferior temporal sulcus, known as its ascending limb.
Discussion
V5 has turned out to be an area whose study offers rich rewards for understanding the organization of the visual cortex and the cortical processes involved in vision. Its study in the monkey gave the first evidence for a functional specialization in the primate occipital lobe (Zeki, 1974) . Since demonstrating the presence and location of V5 in the human brain Watson et al., 1993) we have shown that its activation, perhaps in concert with other prestriate areas, but without parallel activity in VI, is sufficient to result in a limited but conscious perception of visual motion (Barbur et al., 1993) . This raises the question of how individual visual areas contribute to perception in the absence of one or more of their fellows (Zeki, 1993) . The question we ask here is similar: what is it that happens in the visual brain when a human subject discriminates visual motion in the absence of V5? We start with a brief review of the anatomy of the visual input to the cortex.
The primate motion pathway
Ever since the time of Henschen (1930) anatomists have recognized that there are two major subdivisions in the lateral geniculate nucleus. One consists of the upper four parvocellular layers and the other of the lower two magnocellular layers. On the basis of indifferent evidence, Henschen concluded that the upper four layers are concerned The coordinates are not transformed; the patient's brain was shorter and wider than the Talairach and Tournoux (1988) with colour vision and the lower two with light. On the basis of far better electrophysiological evidence, his conclusion regarding the involvement of the parvocellular layers with colour vision has been confirmed (Wiesel and Hubel, 1966) . It has been found, moreover, that the cells of the magnocellular layers are better suited to detect low contrasts and fast changes in illumination, thus making them the more efficient detectors of visual motion, while those of the parvocellular layers are better suited to detect static stimuli (Dreher et ai, 1976; Lee et ai, 1979; Kaplan and Shapley, 1982; Derrington and Lennie, 1984) . In accord with this, it appears that the cortical circuits feeding signals into V5 are predominantly sustained by input from the magnocellular layers. These initial stages of the primate 'motion pathway' are relatively distinct both anatomically and physiologically: the direct output from VI to V5, for instance, is derived from just two layers, 4B and 6 (Lund et ai, 1975; Maunsell and Van Essen, 1983a; Shipp and Zeki, 1989) , which are the very ones in which direction-selective neurons are encountered most frequently (Dow, 1974; Blasdel and Fitzpatrick, 1984; Orban et ai, 1986; Hawken et ai, 1988) . The only other areas known to receive a direct output from layer 4B are V2 and V3; the former projection is to the 'thick stripe' subcompartments, which in turn relay to V3 and V5 (for reviews, see Zeki and Shipp, 1988; Zeki, 1991) . Thus, from an anatomical perspective, both V3 and V5 are suited to detecting moving objects. It is now generally agreed that V5 has a critical role in perceiving motion itself (Zeki, 1974; Maunsell and Van Essen, 1983£>; Newsome et ai, 1985; Newsome and Pare, 1988; Rodman and Albright, 1989; Salzman et ai, 1992) . The particular role of V3 in vision is less clear: one suggestion is that it plays a role in dynamic form perception (Zeki and Shipp, 1988; Zeki, 19906) . Beyond V3 and V5 the motion pathway leads to further parietal or temporal areas (Maunsell and Van Essen, 1983a; Ungerleider and Desimone, 1986; Wurtz et ai, 1990; Zeki, 1990a) . Neurons in these areas have progressively more complex selectivities for particular patterns of motion, but the question of their participation in the more elementary aspects of motion perception remains uncertain.
Motion activation in L.M.: comparison with normal subjects
Given the anatomical circuitry outlined above, one might expect that visual motion stimulation would activate a number of areas in the normal visual cortex. This is indeed so. The group result from the study of Watson et al. (1993) shows three robust zones of activation in each hemisphere. The most intense is in VI, where a large zone of activation occupies much of the calcarine fissure and the occipital pole. This zone probably includes V2 around its margins, and possibly also lower V3. V5 corresponds to a second smaller zone centred on the AC-PC plane and ~4 cm lateral to the midline. We think it likely that the third focus, situated -20 mm from the midline and more posteriorly and dorsally than V5, corresponds to upper V3 (see also de Jong et ai, 1994; S. Shipp, J. D. G. W. Watson, R. S. J. Frackowiak and S. Zeki, unpublished results). Some individuals from this previous study (Watson et ai, 1993) also displayed bilateral activation of superior parietal cortex; a few had activation in the temporal lobe.
We had expected that, in the absence of V5-regarded as a key component of the motion pathway in distributing signals to areas in the temporal and parietal cortex-there would be a high activation in areas VI and V2, and perhaps in V3. Instead we obtained a surprising result which suggests that the activity is redistributed toward the higher reaches of the pathway. The patient had no significant activation of VI or V2, though there was bilateral activation of upper V3, and possibly also left lower V3. There was a major focus in the left fusiform gyms that was seen in just one out of 12 normal subjects. But the most prominent activation took place in superior parietal cortex (area 7), a site that was active, though rather less prominent, in our previous motion study (Watson et ai, 1993) .
Why is VI in the patient not activated by motion stimulation, even though it appears intact in the MRIs and the patient has no field defects? In normal subjects scanned for motion, the activation of VI may be attributed to stronger stimulation of the transient magnocellular system by the dynamic stimulus than the static stimulus (the tonic Fig. 7 Reconstruction of the inferior surface of the cerebral hemispheres to show the location of the focus of activation (dark imprint with light halo) on the left fusiform gyrus. The image was produced from the co-registered MR1 and PET data of Figs 5 and 6 by the volume rendering/surface projection option in ANALYZE software, with the parameter 'surface thickness' set to 6 mm. parvocellular system reacting more equally to the two). In the patient, the absence of a significant difference in rCBF in VI implies that the static and dynamic versions of the display were equally effective in driving the magnocellular system up to the level of layer 4B and thus cancelled each other out of the final PET images. Why this should be so is uncertain, though we are obliged to conclude that the patient's VI is not functioning normally. Naturally it is of interest to know whether her VI would be activated by other visual tasks. But if we proceed on the assumption that the anomaly is specific to motion vision it is logical to suppose that it results from the loss of the reciprocal connections from V5 back to VI, which have been considered to be critical for the interaction between areas concerned with motion (Zeki and Shipp, 1988; Shipp and Zeki, 1989) . One surprising implication is that, even in normal subjects, the differential activation of VI by motion depends on 'reactivation' by V5 feedback; either that or, more subtly, the reciprocal connection from V5 plays a trophic role in the long-term maintenance of the capacity of VI to respond to its magnocellular input. The failure to observe relative activation of VI by motion in the patient clearly raises some fundamental questions, both about VI and the functional role of feedback in general.
Although, for whatever reason, the static and dynamic signals were associated with similar levels of activity in their relay through VI, it is apparent that the remainder of the motion pathway was still capable of responding differentially to these signals. Hence V3, which also receives feedback from V5 but which was active in the patient, seems less dependent on this reciprocal input than VI. Activity in parietal cortex, too, must be dependent on signals from sources other than V5. There is a known diversity of sources of input to parietal cortex in the monkey, which include V3 itself (Seltzer and Pandya, 1986; Cavada and GoldmanRakic, 1989; Andersen et al, 1990; Blatt et al, 1990; Morel and Bullier, 1990; Baizer et al, 1991) . We are less sure of the source of input to the activated zone in the fusiform gyrus; but it too might receive a direct input from V3, or else we should have expected to see activity in another area mediating an indirect connection. We also found activity in the fusiform gyrus, though at a more lateral position, in an experiment contrasting optical flow to incoherent motion in normal subjects (de Jong etal, 1994) . The overall distribution of activity resulting from the latter study was not dissimilar to that in the patient-i.e. activity in V3, superior parietal lobe and occipito-temporal ventral surface; no activation of VI/V2 nor V5-thus reinforcing the apparent bias toward activation of the higher visual motion circuitry in the patient. Notably, however, the patient herself reported no sensation of depth or motion when looking at the same optical flow stimulus which we had used for the PET study. Hence one might guess that the preservation of alternative pathways to these higher areas is not sufficient to preserve all of their functional competence. We wondered whether the abnormal features of these results, i.e. the prominent activation of superior parietal cortex and the relative inactivity of VI, could be attributed to eye movements. Although the patient was instructed to maintain a steady gaze, the motion stimulus may nevertheless have induced pursuit movements, followed by corrective saccades (since eye position was not monitored). The patient's lesions have greatly restricted her pursuit abilities, but she can still adequately track slowly moving stimuli at the speed we used (Zihl et al, 1983) . Likewise, other studies have shown that lesions in the region of V5, and in inferior parietal cortex (areas 39, 40 and adjacent parts of 19) can impair smooth pursuit, and also reflexive saccadic eye movements (Pierrot-Deseilligny et al, 1986 , 1991 Thurston et al, 1988; Sharpe, 1990, 1993) ; however, there is no suggestion in any of these reports that the superior parietal lobe has an oculomotor function. Positron emission tomography scans of normal subjects performing saccades in total darkness, have revealed activity in just two cortical sites, the frontal eye-field and the supplementary motor area (Petit et al, 1993) . When saccades are guided visually, there is additional activation of the posterior parietal and occipital cortex (Fox et al, 1985; Anderson et al, 1994) . Thus the global pattern of activity in these studies does not match what we observed in patient L.M. In particular, all PET studies of visually guided eye movements have reported activation of primary visual cortex (Fox et al., 1985; Miezin et al., 1988; Colby and Zeffiro, 1990; Anderson et al., 1994) . In conclusion, clinical and PET studies to date provide no indication that the puzzling pattern of activation we saw in the patient could be explained by invoking eye movements.
Vision without V5
It is natural to ascribe the patient's perceptual deficits to the cortex she has lost. This includes not only V5, bilaterally, but other prestriate areas yet to be defined. The latter may include human equivalents to area V5A [medial superior temporal/fundus of superior temporal (MST/FST)] which border V5 in the monkey and form the continuation of the motion pathway (Maunsell and Van Essen, 1983a; UngerleiderandDesimone, 1986; Wurtz etal, 1990) . Equally, the patient's residual vision must reflect the activity of the cortex that remains intact. In fact, the patient's residual vision is inferior to that of other patients with unilateral resection of small parts of the lateral occipital lobes likely to include some or all of V5 and to that of macaques with restricted chemical lesions of V5 and MST (Merigan et al., 1991; Vandenbussche et al., 1991) . Thus patient L.M. has an abnormally high threshold contrast for detecting static or drifting gratings, and for distinguishing spatial frequency or direction of drift (Hess et al., 1989) . The patients of and the lesioned monkeys, by contrast, are essentially normal at these tasks. They are deficient at speed discrimination, a task at which patient L.M. is even more impaired and can barely perform at all (Hess et al., 1989) . Finally, L.M. declines to report the percept of motion, whereas the patients with smaller unilateral resections report nothing more than a degree of 'motion slowing' on the contralateral side .
The extra severity of L.M.'s deficit must reflect the greater size and bilaterality of her lesions, though there is the additional likelihood that the intact areas of striate and prestriate cortex retain diffuse ischaemic damage, not visible in the MRIs, brought about by the thrombosis. So, although her residual motion vision must reflect the capacities of the areas which remain intact, the 'intact' cortex itself cannot be 100% normal; certainly it lacks the reafferent input from V5 and the other missing areas. Among the intact prestriate areas which were activated by motion, the area we identify as upper V3 stands out for special attention, as the nearest intact antecedent to V5 within the motion pathway. How far do the characteristics of the patient's residual vision conform to what is known of the physiology of V3 in the monkey?
Residual speed discrimination
Previous work has shown that L.M. cannot discriminate speeds in excess of 67s (Zihl et al., 1983 Hess et al., 1989) , and that her subjective speed-percept of faster moving stimuli does not exceed 107s . This is a remarkably slow speed. Even at the initial stage of the cortical motion pathway in monkeys (layers 4B and 6 of VI) directional cells respond reliably at speeds up to 9-307s (Orban et al, 1986; Newsome et al., 1986) ; in V3 the equivalent figure is ~507s (Felleman and Van Essen, 1987) .
[These are measurements of the upper speed at which a cell's response falls below one-half of its peak value; we quote the figures from Table 4 of Orban et al. (1986) , for a sample recorded in the central 2° of VI, and estimate the equivalent for paracentral V3 from fig. 9B of Felleman and Van Essen (1987) . This provides a rough comparison of the speed properties of different areas. It should be borne in mind that there are variations in preferred speed with eccentricity, and between the values estimated by different laboratories (see, for example, estimates of the mean speed preference in V5 ranging from 10 to 407s in Maunsell and Van Essen, 1983b; Mikami etal., 1986; Rodman and Albright, 1987; Lagaee/a/., 1993) .]
One might discount VI, on the basis that it was not differentially active in the present study, in which case the patient's residual speed vision seems disproportionately poor compared with the capacities of area V3. As it happens, the properties of V3 cells correspond better to the performance of the patients described by and , than to L.M. These patients, with unilateral lesions in lateral occipital cortex in the region of area V5, were able to discriminate (though at an elevated contrast threshold) between gratings drifting at speeds of 16° and 207s, i.e. about equal to the modal preferred speed of V3 cells (Felleman and Van Essen, 1987) and substantially in excess of L.M.'s abilities (Hess et al., 1989) . (Alternatively, to cast the argument in terms of temporal frequency, the ceiling of patient L.M.'s residual discrimination is reached at 6 Hz, whereas the patients described by Plant can discriminate 8 Hz from 10 Hz. Furthermore, the latter were tested at an accentricity of 10° within their visual field, whereas L.M. was allowed to fixate the centre of the test stimulus.) It is thus unappealing to describe her residual vision in terms of the properties of a normal V3. It seems that her intact cortex is indeed functionally impaired with respect to the processing of visual motion; both ischaemic damage and the loss of feedback from V5 may have affected adversely the speed properties of V3 cells.
Residual direction discrimination
If the discriminatory abilities of the patient for speed do not obviously parallel the characteristics of V3, what is the case with other aspects of her residual motion vision? The patient can distinguish opposite directions of motion of high contrast stimuli moving at up to 167s (Hess et al., 1989) . Normal subjects perform the same tasks effortlessly, but the patient always makes some errors, so the residual direction-selective mechanisms in V3 (or elsewhere) cannot be 100% efficient, even for their optimal stimuli. We ourselves tested for discrimination between eight directions of motion using a at University College London on September 11, 2012 http://brain.oxfordjournals.org/ Downloaded from speed of 4.57s (at which L.M. performs optimally) and obtained a number of fresh results. First, the patient could correctly identify left, right, up or downward motion (cardinal directions), but never the intermediate oblique directions. Indeed she virtually never reported seeing an oblique direction. This also seems inadequately to reflect the characteristics of V3 where, on average, neurons have tuning curves of 35° (half width at half height, see Felleman and Van Essen, 1987) and, collectively, might thus signal more than four separate directions. One possible explanation is that the preferred directions of V3 neurons cluster around the cardinal axes. But there is no report to this effect and our own preliminary data from V3 also show no sign at all of such a bias (unpublished results). We arrive at a different explanation below.
Secondly, when L.M. got a cardinal direction wrong, the error was always by 180°. In other words her estimation of axis of motion was always correct, provided the motion was in a cardinal direction. Addition of noise (static stimulus elements interspersed amongst the coherent moving ones) abolished her ability to distinguish the direction of motion on cardinal directions, yet her judgement of the axis of motion was still perfect. Superficially the same result was obtained by Baker et al. (1991) , except that they were testing the ability to discriminate solely the left and right cardinal directions, so the patient's errors were perforce 180°. In V5 a comparably noisy stimulus, a superimposition of two fields of random dots, one static and one moving coherentlysimulating transparency-is reported to suppress partially the response of directionally selective cells (Snowden et al., 1991) . We have obtained similar behaviour from a small sample of direction selective cells in V3 (unpublished results). By contrast, neurons in VI respond well to transparent motion when one component is in their preferred direction (Snowden et al., 1991) . Thus the effects of noise on the patient's judgement of direction can be accounted for by the physiology of V3, if the efficiency of directionally tuned neurons in V3 is generally diminished by noise. But why should she continue to be 100% correct in her determination of the axis of motion?
We would like to suggest that this performance is based on the response to motion of orientation-selective cells in V3. Cells tuned to vertical orientations, for instance, will respond to motion of the squares in the horizontal axis but are indifferent to the precise direction: they could be regarded as motion axis selective. If the orientation (or axis) selective cells remain active, while the direction-selective cells are being inhibited by static noise, the patient should have a correspondingly limited knowledge about the nature of stimulus motion, one which is derived from the axis alone. Admittedly this sounds curious-a residual sensation of axis of motion but not direction. Yet the patient is acknowledged to be aware of a change in location of moving objects, without the accompanying sensation of movement (Zihl etai, 1983 (Zihl etai, , 1991 , and the dissociation we propose is not dissimilar.
The activity of orientation-selective cells could also provide an explanation for the patient's failure to report oblique directions. The squares we used were always oriented as squares, not diamonds; when moving obliquely they would stimulate vertical and horizontal orientation detectors about equally, together with such direction-selective cells responding to that direction of motion. Cells tuned to diagonal orientations would not be optimally stimulated. In this situation the patient always chose a cardinal direction, although she still opted for one of the nearer cardinal directions (a 45° error) twice as frequently as for one of the further (a 135° error). Thus, it is as if she were guided foremost by the orientation/axis selective activity, and only secondarily by her residual capacity to detect direction, the latter acting to favour errors of 45° over 135°.
Finally, the patient's performance in determining both direction and axis fell to chance levels in the presence of moving distractors (e.g. right, left and down in the presence of an upward stimulus). We have no physiological evidence to explain this fact, but can offer a prediction: just as direction detectors are inhibited yet more by opposite direction noise than by static noise (Snowden et al., 1991) so axis of motion detectors may be inhibited by opposite axis noise. If this is so, the patient was reduced to guessing direction. Perhaps she would even have begun to guess in the oblique directions; but by this stage (session II), as we were only testing the cardinal axes, responses in the oblique direction had been outlawed.
The role of parietal cortex in residual direction and speed discrimination
Since the patient's strongest response to motion took place in her parietal cortex, bilaterally, it is reasonable to ask whether the neurons here were not also contributing to her residual visual capacities. The question is hard to answer for a number of reasons. First, it is not clear exactly which area in the macaque monkey is homologous, and which we should consider for its receptive field properties; area 7a is a possibility, but not a certain candidate (for further discussion, see de Jong el al., 1994) . Secondly, the properties of area 7a have not been extensively explored. Thirdly, it is not known how far they might be affected by the loss of what must be one of their principal sources of input, area V5.
In fact, even in the intact animal, monkey 7a neurons are not immediately suited to detecting the motion in our stimulus. The fields are very large (100X100°), frequently bilateral and centred upon the fovea, and many of them display the characteristics described by Motter and Mountcastle (1981) as foveal sparing and opponent vector organization. The first is a tendency for the cells to be unresponsive in the perifoveal region. The second refers to their preference for radial directions of motion either toward or away from the fovea. Such a neuron, faced with our stimulus would (i) be unresponsive to its central region, which the patient was fixating, and (ii) only half the stimulus would be moving in its preferred direction-the other half would be moving in the anti-preferred direction, which can be inhibitory (Motter et ai, 1987) . Whether parietal neurons would respond to the speed we used (4.57s) is also not known for certain. They respond well to all speeds over a range of 30-2007s (Motter and Mountcastle, 1981; Motter et ai, 1987) , but their reaction to slower speeds has not been reported. Mountcastle and colleagues summarize the cells as being relatively insensitive to speed and shape, and concerned principally with direction of motion.
While these characteristics do not immediately suit parietal cortex for the task of detecting the direction of drift of simple translatory motion, Steinmetz et al. (1987) have suggested that, by pooling information over the population of responses, direction of motion can be signalled correctly to about ±10°. Since this is clearly better than the performance of the patient, we feel that it is hard to deny the possibility, even given the factors listed above, that the activated parietal regions may indeed play some role in discriminating direction. On the other hand, we can gain no insight as to how they might underlie the patient's preference for reporting cardinal directions and her failure to cope with distractors, as outlined above, with respect to the properties of V3 cells.
Recovery and non-recovery
The effects of natural lesions in human V5 may be contrasted with the carefully controlled experimental lesions in nonhuman primates. In the first study to lesion V5 selectively in a monkey, Collin and Cowey (1980) reported no resulting deficit in movement discrimination. More recent studies from the same laboratory with larger bilateral lesions that include V5 and V5A (MST), have produced long-term defects in motion vision, leading to the conclusion that V5 '. . . does play an indispensable role in at least some aspects of the processing of image motion' Marcar and Cowey, 1992) , the discrepancy between the two sets of findings being attributed to the earlier lesions sparing part of V5 lying deep within the superior temporal sulcus. However, another contributory factor could plausibly be the nature of the visual testing, since the paradigm employed by Collin and Cowey (1980) was essentially repeated in Experiment I of Cowey and Marcar (1992) , where again it proved negative despite the lesions being much larger. Whatever the reason, a number of other studies concur in the demonstration of permanent motion discrimination deficits arising from extirpation of V5 (Newsome and Pare, 1988; Merigan et ai, 1991; Vandenbussche et ai, 1991; Schiller, 1993) .
In fact, earlier during the 1980s other work had shown that even small lesions in V5 can affect the perception of visual motion, although recovery was rapid: the transient deficit arising from a punctate lesion made by injection of a neurotoxin can be as short as 2 days (Newsome et ai, 1985; Dursteler et ai, 1987; Newsome and Pare, 1988) . As the lesion is made larger, the time course for recovery becomes longer, extending over a week or more (Yamasaki and Wurtz, 1991 ). Recovery appears complete if the lesion involves less than half of V5; but when V5 (and parts of MST too) are totally destroyed there is only partial recovery, and a lingering permanent deficit (Newsome and Pare, 1988; Wurtz et ai, 1990; Yamasaki and Wurtz, 1991) . This pattern of results suggests that recovery is mediated by some form of internal reorganization within parts of V5 that remain intact, but that other areas with motion discriminatory capacities are also engaged, a combination of local and non-local compensation for the representation of motion lost in V5. Yamasaki and Wurtz (1991) conclude that areas outside of the superior temporal sulcus must participate in this recovery, since their largest lesion totally destroyed V5 and MST, yet the monkey's performance had substantially recovered after a period of 8 months post-lesion.
It is naturally the largest lesions of the superior temporal sulcus that are most comparable to the brain damage in our patient. And yet there are still significant differences. The animal lesions are careful to avoid damage to the underlying white matter, but in the patient this too is damaged. Furthermore, the necrotic cores of the lesions are likely to be surrounded by a 'penumbra' of partial damage caused by cytotoxic oedema (Frerichs et ai, 1994) . Finally, it is conceivable that lesions in the patient's cerebellum might add to her visual impairment (Ivry and Diener, 1991) . Thus, it is not surprising if the patient's deficits are more comprehensive than those demonstrated by selective lesions of motion areas in the superior temporal sulcus of monkeys. She may nevertheless have demonstrated some recovery of function in the months following her attack. Yet any such recovery, if it followed a time course similar to that of the experimental animals, was probably over by the time she was first carefully tested, in May 1980, 19 months after the onset of her illness (Zihl et ai, 1983) . Since this time, the nature of her deficits has proved stable (Zihl et ai, 1991) .
If the quantitative impairment of the patient's motion vision exceeds the impairments so far produced experimentally in monkeys, its qualitative effects are identical, namely a reduction in her sensitivity to motion and a reduction of her subjective velocity (the latter is also a feature of a patient described by Plant et ai, 1993) . The experiments of Wurtz et al. (1990) have repeatedly demonstrated that monkey subjective velocity, as measured by the eye movements to acquire and track a moving spot of light, is always reduced, as opposed to enhanced or randomized, by V5 lesions. It has been suggested before (Hess et ai, 1989; Zihl et ai, 1991) that the sharply curtailed speed characteristics of her residual motion vision reflect the surviving capacities of lower areas such as VI. Our own study has drawn attention to other areas in the motion pathway, such as V3 and Brodman's area 7. Clearly these areas have not been inactivated by the patient's lesions, but their residual velocity characteristics seem severely compromised, judging by reference to physiological data from the monkey. It follows that even though V3 and area 7, like V5, receive input from the magnocellular subdivision of the lateral geniculate nucleus, and even though they contain directionally selective cells, they do not mimic the functions of V5 in visual motion perception and, indeed, may depend on V5 in this respect. This serves in turn to highlight the marked specialization of V5 for motion and, perhaps indirectly, suggests that the innate specializations of areas receiving similar input are sufficiently immutable for one never to be able to compensate fully for the functions of the other.
